Abstract-Power transformer condition monitoring is an important topic in both research and practice. However, condition monitoring of power transformer winding clamping system is rarely discussed. As a result, no reliable condition monitoring technique has been developed to assess the condition of power transformer winding clamping system. However, Finite Element Modelling (FEM) based simulations can be utilised to understand the complex behaviour of winding clamping structure under different operating conditions and then acquired knowledge can be used to improve the accuracy of existing condition monitoring techniques. Therefore, this study reviews the research status in use of FEM based simulations in condition monitoring and diagnosis of power transformer winding clamping system.
INTRODUCTION
Even a short unexpected outage or unscheduled maintenance in a power transformer could lead to an interruption in power supply. Therefore, condition monitoring of power transformer is a topic with utmost importance and timely value. However, being a complex system with highly dynamic operating conditions accurate condition estimation and fault diagnosis of power transformers is challenging. Further, transformer is a complex system composed of an insulation system and a mechanical system. The condition monitoring of the insulation system is a well-established and widely discussed topic. However, surprisingly condition monitoring of the mechanical system, especially the clamping system is a rarely discussed.
Clamping structure provide the short circuit ride through capability of power transformers by absorbing the heavy electromagnetic forces during high current fault conditions [1] . With the ageing of winding clamping system power transformers become vulnerable to high current faults as a result of progressive loss of winding clamping pressure [2, 3] . Tilting of conductors, axial collapse due to conductor "telescoping", axial bending, radial bending, spiralling are the most common failure modes due to strong electromagnetic forces in loosely clamped windings [4] [5] [6] . Main reason for loss of clamping pressure with ageing is the degradation of mechanical properties of high-density pressboard parts in the winding structure [2] . Therefore, detailed knowledge of the mechanical properties of pressboard is critical for understanding the behaviour of transformer winding clamping structure under different operating conditions. Even though the clamping system of a power transformer winding is critical for its reliable operation, it was found that no direct clamping pressure monitoring system has been developed yet. However, to overcome this problem, many researchers have developed on-load transformer tank vibration monitoring based techniques to estimate the health of power transformer winding clamping systems [7] [8] [9] [10] . Nevertheless, due to the lack of understanding of the dynamic behaviour of winding clamping pressure, none of the existing techniques is reliable [11, 12] . Moreover, use of laboratory investigations to improve the accuracy of vibration based clamping pressure estimation techniques is also difficult because of the complex winding construction and dynamic operating conditions. Finite Element Modelling (FEM) is being widely used by transformer manufacturers during the design stage to study the magnetic flux distribution, losses, and structural health [13] [14] [15] [16] . However, existing literature state that FEM simulations can be used not only during manufacturing process but also to understand the behaviour of field installed transformers [12] . Simulating the magnetic flux distribution and performance of core clamps and joints [13, 14] , temperature distribution [17, 18] and thermally driven moisture distribution inside the transformer [19, 20] are some examples. Further, Badgujar et al [21] have used FEM to model law-frequency response of a transformer winding. Yuan et al [22] have shown that frequency domain spectroscopy (FDS) results of oil-paper system of power transformer can be modelled using FEM. Therefore, it is possible to utilise FEM bases simulations combined with laboratory investigations to study and understand the complex behaviour of power transformer winding clamping systems [12, 23] . In this approach, first, behaviour of mechanical properties of pressboard under different operating conditions can be studied using laboratory investigations. Secondly, experimental data can be used in FEM simulations of power transformer winding structure to understand the behaviour of clamping systems of real transformer windings [12, [23] [24] [25] .
II. FEM SIMULATION METHOD
As described before, due to the complexity of the power transformer winding structure and the dynamic operating conditions, use of laboratory experiments to understand the behaviour of power transformer winding clamping system is practically impossible. However, laboratory experiments can be combined with FEM simulations to study such complex system effectively [11, 12, 23] . In this approach, first mechanical properties of transformer solid insulation materials can be measured under different operating conditions. Then the results of laboratory investigations can be used in a FEM simulation of real power transformer winding structure.
Such FEM based simulation method has three major parts i.e. pre-processing, solving, and post processing. In the preprocessing stage, a CAD model is required to be generated. After importing the CAD model into the FEM software, material properties have to be defined. Then, it is essential to apply the correct boundary conditions in FEM to get accurate results. After the pre-processing, FEM simulation can be solved to calculate electromagnetic forces in the transformer winding structure. Then the mechanical stress distribution in the winding due to electromagnetic forces and clamping forces can be calculated. After calculating the mechanical stresses, modal parameters of the winding structure can be computed to study the vibration behaviour of power transformer winding structure. Finally, above process can be repeated for different operating conditions by changing the temperature, moisture level, ageing level, and winding clamping pressure. Fig. 1 illustrates a detailed diagram of the simulation method described above.
In order to explain the proposed simulation procedure, FEM simulations of a 10.5/0.4 kV, 100 kVA, three-phase disc type test transformer winding shown in Fig.2 were used. Technical specifications of the winding are listed in Table 1 . On the other hand, during laboratory investigations, compressive stress-strain curves, hygroscopic swelling, and residual strain after a compression cycle of high-density pressboard samples were measured at different moisture, temperature and ageing levels. Further, ANSYS was used for FEM based simulations. 
III. CAD MODEL AND THE MATERIAL PROPERTIES

A. CAD Model of the transformer winding structure
Because of the complex nature of power transformer winding structure, simplified winding geometry has to be used. If a 3D geometry with all the details of a real transformer winding is used in FEM simulations, required computational power will be unnecessarily high. As a result, meshing will be complex and simulation results will be poorly converged. Therefore, it is required to simplify the geometry without affecting the accuracy of the simulation results.
Reference [24] describes the assumptions that can be used to simplify the 3D CAD model of the transformer winding. According to [24] , first step is to measure all required dimensions of the actual transformer winding. Then, instead of modelling individual copper conductors in each disc, they can be modelled as a single copper disc that has the same copper cross section area. Further, insulation parts i.e. key spacers, clamping rings etc. that made up of several layers of thin pressboard parts can be modelled as single pressboard blocks avoiding unnecessary contact surfaces.
B. Material Properties
High-density pressboard, copper, and steel are the main materials that are used to create the power transformer winding structure. Among them, copper and steel can be easily modelled in FEM simulations using their density, modulus of elasticity and Poisson's ratio (see Table 2 ). However, high-density pressboard has a highly nonlinear outof-plane compression behaviour [26] as shown in Fig. 3 . Moreover, pressboard is a highly hygroscopic material [25] . In other words, both thickness and out of plane compressive behaviour of pressboard parts are moisture dependent. Further, as shown in Table 3 and Fig. 3 (top) , with increasing moisture content, thickness of pressboard shows an increasing trend while its compressibility shows a decreasing trend [25] . On the other hand, mechanical properties of pressboard are not only moisture dependent but also temperature dependent [12] .
Similar to any other material, with increasing temperature thickness of pressboard parts will increase because of the thermal expansion. Moreover, from the compressive stress-strain curves of pressboard shown in Fig.3 (bottom) it can be clearly seen that thermal softening occurs with increasing temperature. Therefore, it is essential to use a material model in FEM tool that can simulate the complex compression characteristics of pressboard [25] .
Several detailed material models for pressboard can be found in existing literature [26, 27] . However, those material models have been developed to cater the requirements of pressboard manufacturers. Therefore, they are extremely complex and difficult to programme into commercial FEM tools when studying complex geometrical structure. However, according to [23, 25] gasket material model can be successfully used to simulate the out of plan compression behaviour of pressboard parts in power transformer winding structure. Further, this gasket material model can be easily characterised using the experimental compressive stress-strain data. Therefore, using the compressive stress-strain curves of pressboard measured under different moisture, temperature and ageing levels, effect of moisture, temperature and ageing on power transformer winding clamping pressure can be simulated [12, 25] .
IV. FEM SIMULATIONS
As shown in Fig.1 , FEM based winding clamping system simulation procedure discussed in this paper is has three types of FEM simulations namely electromagnetic, structural and modal/harmonic response analysis.
A. Electromagnetic Simulations
Electromagnetic simulations were used to calculate the leakage flux distribution in the winding system. After computing leakage flux distribution, the results of electromagnetic simulations were post processed to calculate the electromagnetic forces excreted on the winding conductors. In order to solve the magnetostatic problem using FE method, Maxwell's equation shown in (1) is solved to calculate the magnetic field intensity by the 3D magnetostatic solver of the FEM tool. After each iteration, (4) is used to calculate the error and repeat above process until the error reach the error margin specified by the user. 
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B. Coupled Electromagnetic-Structural Analysis, Modal Analysis, and Harmonic Response Analysis
After calculating the leakage flux distribution and electromagnetic forces in the winding structure, static structural analysis can be used to calculate the stress distribution of the transformer winding under clamping force and electromagnetic forces. Then, as the next step, FEM simulations can be used to understand the mechanical vibration characteristics of power transformer winding structure.
In a disc, type transformer winding, conductors are more likely to oscillate in axial direction under electromagnetic forces [28, 29] . Further, according to Lorentz force law, electromagnetic forces are equal to the volume integral of the cross product between current density vector (J) and Magnetic flux density vector (B) as shown in (5).
Further, because both J and B are proportional to winding current, magnitude of the electromagnetic forces are proportional to the square of the winding current and have a fundamental frequency of twice the frequency of winding current. Thus, in a 50 Hz system, fundamental frequency of electromagnetic forces is 100 Hz. Therefore, under both normal and faulty operating conditions, power transformer winding tend to vibrate axially with a fundamental frequency of 100 Hz [30] .
Being a complex structure with large number of degree of freedoms, power transformer winding has large number of natural frequencies. These natural frequencies and other modal parameters (mode shapes and damping ratios) decide the vibration characteristics of the transformer winding structure [24] . Therefore, any external factor that could change the modal parameters of the winding structure influences the vibration pattern. Therefore by calculating the modal parameters, mainly natural frequencies, under different operating conditions, it is possible to understand the dynamic behaviour of the mechanical vibration characteristics of the winding structure. Fig. 4 shows the leakage flux lines in the transformer winding structure computed using magnetostatic FEM simulation. According to the figure, it is clear that radial flux component is dominant at the top and bottom ends of the winding while it is negligible in the middle of the winding. On the other hand, axial leakage flux is significant in the middle part and negligible at the ends. Moreover, according to (5) , directions of the EM forces are perpendicular to the direction of both leakage flux and current density vector. Therefore, top and bottom ends of the winding structure experience strong axial forces while middle part of the winding experience strong radial forces. Fig. 5 shows the magnitude of the axial forces on the outer winding discs of the 100kVA, 10/0.4kV transformer under a fault current of ten times of its nominal current. From the figure, it can be clearly seen that as expected, axial forces are dominant at the two ends of the winding. Further, as the directions of the axial forces in the top half and the bottom half of the winding are opposite to each other, they tend to compress the winding structure axially.
V. POST PROCESSING AND INTERPRETATION OF FEM BASED SIMULATION RESULTS
A. Axial Stress Distribution of the Winding Structure and Electromagnetic Forces
After computing the electromagnetic forces, they can be imported into a structural simulation to calculate the axial stress distribution in the winding structure. Fig. 6 illustrates the axial stress on the disc spacers of the winding structure. From the figure, it can be seen that even though highest axial forces are acting on the conductors closer to the top and bottom ends of the winding, as result of the cumulative addition of axial forces on each disc, pressboard parts in the middle of the winding experience the highest compressive stresses. Therefore, it can be predicted that, during a high current fault, pressboard parts in the middle of the winding experience the highest compressive stress. 
B. Moisture and Temperature Dependany of Winding Clamping Pressure
After computing the axial stress distribution of the transformer winding, experimental compressive stress-strain data, hygroscopic swelling, and thermal expansion data of pressboard can be used in FEM simulations to understand the moisture and temperature dependency of power transformer winding clamping pressure. Fig. 7 shows the changes in winding clamping pressure of the test transformer winding with increasing moisture content. From the figure it can be seen that the combined effect of softening and hygroscopic swelling tend to increase the winding clamping pressure with increasing moisture content (See Fig. 7 ).
Same procedure that used to simulate the effect of moisture on winding clamping pressure can be used to simulate the temperature dependency of winding clamping pressure. In this case, thermal expansion coefficient and compressive stress strain curves of pressboard measured under different temperature levels can be used in the structural simulations. From the results listed in Table IV , it is clear that combined effect of thermal expansion and thermal softening tend to increase the clamping pressure with increasing temperature.
C. Mechanical Vibration Characteristics of Transformer
Winding Structure. After the structural simulations, modal parameters of the pre-stressed winding can be calculated using the FEM simulations. Reference [24] present a comparison between modal parameters of the simplified winding geometry and the actual transformer winding (See Table V) . From the natural frequencies listed in Table V , it can be clearly seen that simulated and measured natural frequencies of the transformer winding structure are in a good agreement. In another words, data listed in Table V confirms that simplified CAD model and the FEM simulation method is capable of calculating the modal parameters of the real test transformer winding. Finally, after model validation, simplified CAD model with the measured mechanical properties of pressboard can be used to study the changes in on load vibration patterns of the power transformer winding with changing winding clamping pressure. Fig. 8 illustrates the simulated frequency response functions of the test transformer winding under different initial clamping pressure levels. From the figure, it is clear that on load mechanical vibration characteristics of power transformer winding structure is sensitive to the changes in winding clamping pressure. Therefore, it is possible to use on-load tank vibration signals of a power [26] transformer can be used to detect the loose winding conditions of power transformers.
VI. CONCLUSIONS
This paper presents a detailed review on use of FEM in power transformer condition monitoring applications. From existing literature, it was found that FEM simulations can be utilised to understand the moisture, temperature and ageing dependent changes in both power transformer winding clamping pressure and mechanical vibration characteristics. After that, acquired knowledge can be used to improve the accuracy of existing condition monitoring techniques used to assess the condition of power transformer winding clamping structure.
